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INTRODUCTION
Iron is an essential metal for immune surveillance via its stimulatory role on lymphocyte proliferation and its central function in mitochondrial respiration and by catalyzing the formation of toxic radicals by the Haber-Weiss reaction for host defense [1] . In addition, the metal also down-regulates cellular immune effector mechanisms by inhibiting the activity of interferon-␥ (IFN-␥) toward macrophages [2] . This is of major importance for immune surveillance, as IFN-␥ is a central cytokine for the regulation of antimicrobical effector mechanisms of macrophages. This T helper cell type 1-derived cytokine promotes antigen presentation via stimulation of major histocompatibility complex (MHC) classes I and II expression [3] , modulates leukocyte-endothelium interaction, stimulates the synthesis of proinflammatory cytokines by monocytes such as interleukin (IL)-1, tumor necrosis factor ␣ (TNF-␣), and IL-6, and in synergism with the latter, induces the formation of toxic oxygen radicals and nitric oxide (NO) for host defense [4] . A regulatory effect of iron on IFN-␥ activity was first observed in human monocytic cells, where iron down-regulated the IFN-␥-inducible formation of neopterin and in parallel, the degradation of tryptophan to kynurenin [5] . Moreover, in murine macrophages, iron inhibited the expression of inducible NO synthase (iNOS) by a transcriptional mechanism involving the deactivation of the transcription factor nuclear factor (NF)-IL-6 [6] . The relevance of these observations was substantiated by experiments, which demonstrated that macrophages that have been loaded with iron lose their ability to kill intracellular pathogens such as Legionella pneumophila, Ehrlichia chaffeensis, or Listeria monocytogenes by IFN-␥-mediated pathways [7] [8] [9] .
However, the underlying mechanism by which iron regulates IFN-␥ activity in human monocytic cells remained elusive so far. To investigate this and to see whether iron may also affect IFN-␥ function not only in cell lines (THP-1) but also in peripheral blood mononuclear cells (PBMC), the current study was undertaken. We examined the metabolic effects of iron on three IFN-␥-inducible genes.
The first one, intercellular adhesion molecule-1 (ICAM-1), is an important surface protein expressed on a wide range of peripheral blood leukocytes. It serves as a ligand to leukocyte function-associated antigen 1 (CD11a/CD18) or Mac-1 (CD11b/CD18) and has an important role in the initiation and progress of important immunological processes such as leukocyte migration, T cell-mediated killing, but also T and B cell responses [10] . PBMC express very low amounts of ICAM-1, but this surface marker can be strongly and rapidly induced after stimulation with cytokines such as IFN-␥ [11, 12] . This enables leukocytes to adhere to postcapillary venules and to migrate to the place of inflammation.
The second IFN-␥-inducible protein we investigated was human leukocyte antigen (HLA)-DR, a MHC class II protein, which is expressed on the surface of monocytes, dendritic cells, and B cells. MHC class II proteins are involved in antigen presentation, MHC restriction, and T cell activation [13] . This surface protein is induced by IFN-␥, similar to ICAM-1, but the exact regulatory mechanisms and signal-transduction factors for this regulatory pathway have not yet been fully identified [3, 14] .
Finally, we investigated guanosine 5Ј-triphosphate-cyclohydrolase I (GTP-CH; EC. 3.5.4.16), which is induced by IFN-␥ and cleaves GTP to D-erythro-7,8-dihydroneopterin triphosphate. This intermediate is further metabolized to 5,6,7,8-tetrahydrobiopterin. In humans and especially in monocytes/ macrophages, this pathway also yields substantial amounts of 7,8-dihydroneopterin and neopterin [15] . Although neopterin is able to modulate radical formation [16] , an exact biological role of neopterin has not been elucidated so far. Nevertheless, determination of neopterin in serum has turned out to be a clinically reliable marker for monitoring patients with activated cellular immunity [17] .
MATERIALS AND METHODS

Cell culture
THP-1 cells, a human myelomonocytic cell line, which is widely used to study monocyte/macrophage biology in a cell culture system [18] , were used for this study. Cells were cultured in RPMI 1640, supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (all obtained from Life Technologies, Vienna, Austria) at 37°C in humidified air containing 5% CO 2 . Cells were treated with 100 -500 U/ml recombinant human (rh)IFN-␥ (Life Technologies) and/or ferric iron chloride and desferrioxamine (DFO; both obtained from Sigma, Munich, Germany) or were left untreated. Treatment with the indicated concentrations of IFN-␥, iron, or DFO did not result in reduced viability of cells in comparison with untreated controls as checked by trypan blue exclusion (data not shown).
Isolation of monocytes
PBMC were isolated from the blood of healthy adult volunteers (buffy coats from blood donors were kindly provided by the local blood transfusion unit) by density gradient centrifugation with Ficoll-Paque (Pharmacia, Uppsala, Sweden). The cells were washed twice in phosphate-buffered saline (PBS) and were resuspended in medium RPMI 1640 (HyClone, Cramlington, UK) supplemented with 2 mM glutamine (PAA Laboratories, Linz, Austria) and 10% FCS (PAA Laboratories). After incubation on hydrophilic Petri dishes (Petriperm, Bachofer, Reutlingen, Germany) for 1 h at 37°C (2ϫ10 7 cells/ml), the nonadherent cells were removed by repeated, vigorous washings. The resulting cell population contained at least 90% monocytes, as shown by morphology and phenotype fluorescein-activated cell sorter (FACS) analysis. For flow cytometric analysis, we cultured 2 ϫ 10 6 PBMC in six-well dishes in 2 ml medium together with 50 M FeCl 3 or 100 M DFO in the absence or presence of 250 U/ml IFN-␥ (kind gift from J. Brzoska, Bioferon, Laupheim, Germany).
Cytofluorometric analysis of IFN-␥ binding to its receptor
We stimulated 1 ϫ 10 6 U937 cells with the indicated agents. Then the cells were extensively washed in PBS/2% FCS, resuspended in 250 g/ml h immunoglobulin G (IgG)/PBS/2% FCS, and incubated for 20 min at 4°C. After pelleting, cells were incubated with or without 1 ϫ 10 4 IU/mL rhIFN-␥ for 30 min at 4°C [IFN-␥ receptor (IFN-␥R) binding at this presumably saturating concentration of rhIFN-␥ was too faint to allow a further titration]. After washing in PBS/2% FCS, a biotinylated anti-IFN-␥ monoclonal antibody (mAb; 10 g/mL; Becton Dickinson, Heidelberg, Germany) was added for 30 min at 4°C. Following another wash, a 1:25 dilution of streptavidin-phycoerythrin (PE; from Becton Dickinson) in PBS/2% FCS was incubated for 30 min at 4°C. Cells were immediately analyzed on a FACSCalibur, and data analysis was performed with Cellquest software (Becton Dickinson).
Cytofluorometric analysis of IFN-␥R expression, ICAM-1, and HLA-DR expression
Fluorescein isothiocyanate-labeled anti-CD54 (purchased from Immunotech, Marseille, France), anti-HLA-DR (Dako, Glostrup, Denmark), and anti-IgG 1 (Sigma) as an isotype control were used. Immunofluorescence was performed according to standard procedures [12] . For determination of IFN-␥, receptor expression cells were incubated with 10 g/ml biotinylated anti-IFN-␥R mAb (Becton Dickinson) or biotinylated istotype-matched control. Briefly, 1 ϫ 10 6 U937 cells stimulated with indicated agents were washed twice in PBS/2% FCS, resuspended in 250 g/ml hIgG/PBS/2% FCS, and incubated for 20 min at 4°C. After washing in PBS/2% FCS, a 1:25 dilution of streptavidin-PE (Becton Dickinson) in PBS/2% FCS was incubated for 30 min at 4°C, and cells were analyzed as described above. Values are given as specific mean fluorescence intensities; i.e., fluorescence of isotype-matched control antibodies is subtracted.
Determination of GTP-CH activity
Enzyme activity was assessed by a method modified from Viveros et al. [19] . Sephadex G-25 cell extract eluates were prepared in 0.1 M Tris/HCl, pH 7.8, 0.3 M KCl, and 10% glycerol. The eluate was incubated with 4 mM GTP (Serva, Munich, Germany) at 37°C for 90 min in the dark, and then, the thereby-formed dihydroneopterin triphosphate was oxidized to neopterin triphosphate using 0.1 M HCl/0.01 M I 2 (final concentrations). After centrifugation at 10,000 g, excess iodine was destroyed with 0.1 M ascorbic acid, and then, the pH was adjusted to 7.6 with 1 M NaOH. Neopterin triphosphate was then cleaved to neopterin by incubation with 16 U/ml alkaline phosphatase (Serva) for 1 h at 37°C. Neopterin was finally quantified after acidification of 100 l of the sample with 10 l 5 M H 3 PO 4 by high-pressure liquid chromatography (HPLC) determination. The samples were then extracted using AASP-SCX cartridges (Analytichem, Harbor City, CA), and neopterin was eluted onto a reverse-phase HPLC column (Lichrosorb Rp-18, Merck, Darmstadt, Germany) and quantified by fluorescence determination at 353 nm excitation and 438 nm emission [20] . The detection limit for neopterin was 1 nM.
Northern blot analysis
Total RNA was isolated from cells by using RNAclean (Dipro Diagnostic Products, Vienna, Austria). RNA (10 g) was size-fractionated on a denaturing 1% formaldehyde/ 3-N-morpholinopropanesulfonic acid agarose gel exactly as described in ref. [21] . After blotting onto a Duralon UV membrane (Stratagene, La Jolla, CA) and cross-linking, the membranes were hybridized with radiolabeled DNA probes for GTP-CH (600 bp EcoRI fragment in TA cloning vector), ICAM-1 (1.8 kb XbaI fragment in pCDM8 vector), HLA-DR (1.3 kb BamHI fragment of HLA-DR-B1 in pcDV1-pL2 vector), and glyceraldehyde 3-phosphate-dehydrogenase (GAPDH; 1.4 kb PstI fragment of rat GAPDH in pBR322 vector) or ␤-actin (1.9 kb HindIII fragment of chicken ␤-actin in pBR322 vector) as housekeeping genes. Specific RNA bands were imaged by autoradiography for 24 -72 h using Amersham Hyperfilm™MP (Amersham Life Science, Buckinghamshire, UK).
RNA stability
RNA half-life was estimated in cells stimulated with the appropriate additives as described above for 24 h, which were then treated with actinomycin D (final concentration, 5 g/ml) for 1.5, 3, 4.5, and 6 h before RNA isolation for Northern blotting. All Northern blots were scanned and densitometrically evaluated using the Gel Doc system from Bio-Rad Laboratories (Hercules, CA).
Nuclear runoff assays [22]
We stimulated 2.5 ϫ 10 7 cells with 500 U/ml rhIFN-␥ alone or in the presence/absence of 100 M ferric iron chloride or 200 M DFO for 4 h. After washing, nuclei were prepared following lysis of cells with 2 ml detergent buffer [10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% Nonidet P-40 (NP-40)]. Nuclei were then resuspended in 100 l glycerol storage buffer (50 mM Tris, pH 8.0, 5 mM MgCl 2 , 0.5 mM dithiothreitol, 40% glycerol) and stored in liquid nitrogen until use. Plasmids were linearized and then spotted onto a Duralon UV membrane using a Slot blot chamber (Hoefer Pharmacia Biotech, San Francisco, CA). After cross-linking, membranes were prehybridized for 4 h at 65°C, and then radiolabeled nuclear transcripts were added for 24 h. Labeling of transcripts was performed using isolated nuclei in glycerol storage buffer, 150 l assay buffer (25 mM Tris-HCl, pH 8.0, 12.5 mM MgCl 2 , 325 mM KCl), 1.25 mM adenosine 5Ј-triphosphate/cytidine 5Ј-triphosphate/ GTP, and 120 Ci [␣-
32 P]-uridine 5Ј-triphosphate, which were incubated for 1 h at 37°C. Then, labeled transcripts were recovered following digestion of nuclear DNA with 200 U RNase-free DNase (Pharmacia) and of nuclear proteins with proteinase K (Sigma). Radiolabeled RNA was then isolated with RNA-phenol-chloroform, precipitated with isopropanol, and washed with 75% ethanol before resuspending the RNA in 100 l sterile 10 mM Tris-EDTA, pH 7.0.
Western blot analysis
After stimulation, cells were washed in PBS and lysed with radio immunoprecipitation assay buffer [NaCl 150 mM, 50 mM Tris-HCl, adjusted to pH 8.0, NP-40 1%, deoxycholate 0.5%, sodium dodecyl sulfate (SDS) 0.1%, phenylmethylsulfonyl fluoride 100 M, leupeptin 10 g/ml] for 20 min. After centrifugation at 13,000 g for 5 min, the supernatant was used as cell extract. The protein separation of 10 g protein was performed with SDS-polyacrylamide gel electrophoresis and blotted on a polyvinylidene difluoride membrane (Bio-Rad Laboratories). Blocking was done with Tris-buffered saline containing 5% nonfat dry milk and 0.05% Tween-20 for 30 min. Phosphorylated signal transducer and activator of transcription (STAT)1␣ was detected by a polyclonal rabbit antiphospho-STAT1 antibody (Upstate Biotechnology, Lake Placid, NY) by overnight incubation with a 1:1000-diluted antibody trypan blue solution, as described above. As secondary antibody, we incubated the blot with 1:5000 peroxidase-conjugated goat anti-rabbit IgG (Upstate Biotechnology) for 1.5 h, which was visualized by an Amersham Hyperfilm™MP (Amersham Life Science).
Determination of intracellular iron concentrations
Intracellular iron concentrations were determined spectrophotometrically using a ferrozine-based assay as described [5] .
Statistical analysis
Statistical calculations were performed with Systat 7.0. We compared the respective experimental groups with Student's t-test.
RESULTS
Iron perturbations modulate the expression of ICAM-1 and HLA-DR in human PBMC 
GTP-CH activity in IFN-␥-activated THP-1 cells is altered by changes in iron supply
To see whether the observed iron-induced changes in ICAM-1 and HLA-DR expression may also hold true for another IFN-␥-inducible pathway, we investigated GTP-CH activity in the human monocytic cell line THP-1. As is evident from Figure 1A , stimulation of THP-1 cells with 100 or 500 U/ml IFN-␥ resulted in a drastic increase of GTP-CH activity. The addition of increasing concentrations of iron chloride significantly reduced GTP-CH activity in a dose-dependent manner [5] . It is interesting that a significant reduction of GTP-CH activity was observed when very low amounts of iron (2 M) were added.
Iron does not affect IFN-␥R expression nor IFN-␥R binding
To see whether these regulatory effects of iron toward IFN-␥-inducible molecules could be referred to as an interference of the metal with the interaction of IFN-␥ with its receptor, we performed the following experiments. First, we determined IFN-␥R expression in human monocytic cells. Iron/DFO neither changed the surface expression of IFN-␥R as compared with control cells nor altered the IFN-␥R number in IFN-␥-stimulated cells (Fig. 2, a and b) . Second, to see whether iron perturbations may affect the binding of IFN-␥ to its receptor, we performed a binding study using a biotinylated anti-IFN-␥ antibody. As can be seen in Figure 2 
Iron perturbations do not modulate IFN␥-activated STAT1␣ phosphorylation
We performed Western blot analysis to examine the effect of iron perturbations on phosphorylation of STAT1␣ after stimulation with IFN-␥. It was possible to show an impressive increase in phosphorylated STAT1␣ after IFN-␥ stimulation (250 U/ml) of THP-1 cells, but there were no changes as compared with a combined stimulation with IFN-␥/DFO 200 M or IFN-␥/iron 100 M (data not shown).
Iron perturbations change cellular content of ICAM-1, HLA-DR, and GTP-CH mRNA in IFN-␥-activated PBMC
Based on the observations made so far, we next investigated whether the altered expression of ICAM-1, GTP-CH, and HLA-DR in IFN-␥-stimulated and iron-perturbed monocytes could be referred to as different cytoplasmatic mRNA levels. PBMC and THP-1 cells had very low constitutive amounts of ICAM-1 and HLA-DR mRNAs, which could hardly be detected by Northern blot analysis. Iron supplementation had no obvious effect, whereas DFO caused a slight increase in ICAM-1 mRNA (Fig. 3) . IFN-␥ induced ICAM-1 and HLA-DR mRNA levels in PBMC as compared with untreated controls, and iron supplementation impaired this effect of IFN-␥, thus leading to reduced mRNA expression of ICAM-1 and HLA-DR. Conversely, iron deprivation by DFO increased the expression of ICAM-1 mRNA and HLA-DR mRNA to levels comparable with or higher than cells treated with IFN-␥ alone (Fig. 3) . Comparable results with respect to inducibility of these IFN-␥-inducible genes by IFN-␥ and its regulation by iron were obtained in THP-1 and human peripheral blood monocytes. Moreover, in THP-1 cells, the progressive decrease in IFN-␥-inducible GTP-CH activity following the addition of increasing dosages of iron to cells was paralleled by a progressive decrease in cytoplasmatic GTP-CH mRNA levels, underscoring the cause-effect relationship of iron for cytokineinducible regulation of GTP-CH (Fig. 1B) .
Modulation of mRNA half-life in IFN-␥-inducible genes by iron
As the results obtained so far suggested a transcriptional or post-transcriptional mechanism as being responsible for ironmediated regulation of IFN-␥-inducible genes, we first investigated mRNA half-lives for these target genes in THP-1 cells. For this aim, THP-1 cells were pretreated with 250 U/ml IFN-␥ for 24 h (alone or in combination with 100 M FeCl 3 or 200 M DFO), and then actinomycin D was added for 1.5, 3, 4.5, and 6 h. As can be seen in Figure 4A , combined treatment of THP-1 cells with IFN-␥ plus ferric iron chloride reduced half-lives of ICAM-1, HLA-DR, and GTP-CH mRNA to means between 23.4 and 65.7% as compared with cells treated with IFN-␥ alone, and the most prominent reduction was observed for an ICAM-1 mRNA half-life. Conversely, DFO increased the half-life of the target mRNAs significantly as compared with cells treated with IFN-␥ alone (ϭ100%; ICAM-1 mRNA halflife was increased to 155.3Ϯ16%, Pϭ0.044, nϭ3; GTP-CH to 97.4Ϯ10.5%, Pϭ0.87, nϭ3; and HLA-DR to 148.6Ϯ18.9%, Pϭ0.047, nϭ3; significance determined by Student's t-test). However, there was also a slight increase in GAPDH mRNA half-life when cells were treated with a combination of IFN-␥ and DFO, which is in accordance with previous observations indicating dependence of GAPDH expression on cellular iron availability [24] .
To investigate the possibility that iron per se affects the mRNA half-life rather than interfering with the IFN-␥ signaltransduction cascade, we studied ICAM-1 mRNA stability in THP-1 cells treated with IFN-␥ in the absence or presence of (Fig. 4B) . Alterations in iron availability modify IFN-␥-induced mRNA transcription of ICAM-1 and HLA-DR genes To examine whether altered transcriptional regulation of IFN-␥-inducible target genes by iron may also be involved, we performed nuclear runoff transcription assays (Fig. 5) . IFN-␥ enhanced the transcription of the investigated genes, and the addition of iron strongly decreased ICAM-1 and HLA-DR transcription in IFN-␥-activated myelomonocytic cells. Opposite, the application of the iron chelator DFO did not change very much ICAM-1 but further increased HLA-DR transcription as compared with cells treated with IFN-␥ alone. All changes were specific, as no effect of either treatment on the transcription of ␤-actin could be observed. We also examined the impact of iron perturbations on GTP-CH transcription; however, GTP-CH transcription was very weak so that we were not able to investigate possible changes.
DISCUSSION
Iron perturbation is capable of modulating IFN-␥ activity as we demonstrated for three IFN-␥-inducible genes by at least two different pathways. First, modulation of cellular iron homeostasis alters the IFN-␥-induced transcription of the three cytokine-inducible genes, ICAM-1, HLA-DR, and presumably of GTP-CH. In addition, treatment with DFO also resulted in post-transcriptional stabilization of these mRNAs in IFN-␥-treated monocytic cells. However, this latter effect was most pronounced for ICAM-1 and to a lesser extent for GTP-CH and HLA-DR mRNA. It is well established that IFN-␥ induces ICAM-1 expression by a transcriptional mechanism involving activation and binding of transcription factors to consensus motifs within the ICAM-1 promoter such as IFN-␥-responsive elements, NF-B consensus sequences, and activated protein-1 (AP1)/12-O-tetradecanoylphorbol 13-acetate-responsive elements or AP2-and AP3-like sites [10, [25] [26] [27] . Iron perturbations decrease ICAM-1 mRNA transcription, which should be a result of alterations in the binding activities of these transcription factors. This could be referred to as direct effects of the metal toward the binding activity of the transcription factors, as shown for NF-IL-6 or hypoxia-inducible factor with the iNOS promoter [6, 21, 28] , or a result of catalyzation of hydroxyl radical formation by iron with subsequent changes in transcription factor binding [29] . More likely, as iron also affected ICAM-1 and GTP-CH transcription, iron may rather modulate IFN-␥ activity by generally affecting the signal- transduction process of this cytokine. This hypothesis is also supported by our experiments showing that addition of iron after IFN-␥ treatment did not significantly alter the mRNA half-life as compared with cells treated with IFN-␥ alone, whereas the mRNA half-life was remarkably reduced by a combined stimulation with iron and IFN-␥ for 24 h. Moreover, iron neither affected binding of IFN-␥ to its receptor nor modulated IFN-␥R expression on resting and cytokine-stimulated human monocytes.
Our data also provide evidence for post-transcriptional regulation of IFN-␥-inducible genes, which was most pronounced for ICAM-1. Half-life of ICAM-1 mRNA is regulated by IFN-␥-responsive AUUUA regions in the 3Ј-UTR by not-yet identified proteins [30] . Iron decreases this mRNA stability, and it is enhanced by the addition of DFO. The background for this observation could be a result of weakening/strengthening of the stabilizing signal toward ICAM-1 mRNA induced by IFN-␥ in a complementary manner to what is known about post-transcriptional stabilization of transferrin receptor mRNA by ironregulatory proteins [31, 32] .
Corresponding to the observations made with ICAM-1, iron also inhibited HLA-DR and presumably GTP-CH transcription in IFN-␥-stimulated monocytic cells. However, although HLA-DR transcription has been well-studied [3, 14] , significant information on the nature of the GTP-CH promoter and its regulatory transcription factors is still rare [33] . Some authors suggest that NF-B and AP1 may play a role in GTP-CH transcription, at least in osteoblastic cells [34] . Conversely, two proteins, RFX5 and CIITA (class II trans activator) [3, 14, 35] , mainly exerted transcriptional induction of HLA-DR following IFN-␥ treatment. This lack of a common regulatory transcription factor induced by IFN-␥ within the promoters of the three IFN-␥-inducible genes ICAM-1, HLA-DR, and GTP-CH provides further evidence for our notion that iron may rather affect the IFN-␥ signal transduction than the binding of a single transcription factor to its DNA consensus sequence within a IFN-␥-inducible target gene. This assumption is supported by our finding that HLA-DR and GTP-CH mRNA expression is also regulated post-transcriptionally by iron perturbations although to a much lesser extent than observed for ICAM-1 mRNA. Although evidence for post-transcriptional regulation is completely absent for GTP-CH, regulation of MHC class II expression at the post-transcriptional level by IFN-␥ has been described [36] .
The regulation of IFN-␥-inducible genes by iron is of great immunologic relevance, especially in the case of chronic infections or tumor diseases. Iron is an essential factor for the growth and proliferation of tumor cells and microorganisms [1, 37] . Thus, via the action of pro-and anti-inflammatory cytokines, the body has evoked strategies to withhold iron from the pathogens. This is exerted by IFN-␥, IL-1, TNF-␣, and/or IL-10-induced stimulation of iron uptake and storage in the reticuloendothelial system [38 -41] . Part of this diversion of iron traffic is maintained by an autoregulatory feedback loop between NO and iron homeostasis involving activation of ironregulatory proteins by the radical [2] . Nevertheless, this withdrawal of iron from the circulation limits the availability of this metal to the pathogens and thus negatively affects their growth [37] . As a consequence of this strategy, patients develop anemia, the so-called anemia of chronic disease [42, 43] . However, iron withholding has a beneficial consequence, namely strengthening of a cell-mediated, immune function. As shown previously and herein, this procedure leads to increased IFN-␥ activity toward macrophages by stimulating IFN-␥-induced effector pathways such as cell adhesion (via ICAM-1 expression), antigen presentation (via MHC-II expression), or toxic effector mechanisms via NO [5, 6, 21, 28] . The relevance of this interaction was sustained by in vivo results demonstrating that iron-loaded macrophages lose their ability to kill intracellular pathogens (such as L. pneumophila, L. monocytogenes, or E. chaffensis) via IFN-␥-mediated pathways, and their killing effectivity is recovered by addition of an iron chelator [7] [8] [9] 44] . Thus, the development of new iron chelators, which penetrate cells much better than DFO and may thus modulate the immune function more favorably, will be a promising future approach to treat infections with intracellular microorganisms.
